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SUMMARY 18 

 19 

Neutrophils are the most abundant cell type in airways of tuberculosis patients. Recent 20 

investigations reported induction of neutrophil extracellular traps (NETs) during 21 

Mycobacterium tuberculosis (Mtb) infection, however, the molecular regulation and 22 

impact of NETosis on Mtb pathogenesis is unknown. We find that in response to Mtb 23 
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infection in neutrophils, PAD4 citrullinates histones to decondense chromatin that gets 24 

packaged into vesicles for release as NETs in a manner that can maintain neutrophil 25 

viability and promote Mtb replication. Type I interferon, which has been associated with 26 

NETosis in numerous contexts but without a known mechanism, promotes formation of 27 

chromatin-containing vesicles and NET release. Analysis of nonhuman primate 28 

granulomas supports a model where neutrophils are exposed to type I interferon from 29 

macrophages as they migrate into the granuloma, where they release NETs that 30 

contribute to necrosis and caseation. Our data reveals NETosis as a promising target to 31 

inhibit Mtb replication and granuloma caseation. 32 

 33 

INTRODUCTION 34 

 35 

Tuberculosis (TB) remains a leading cause of death due to infectious disease. The 1.5 36 

million TB-associated deaths in 2020 was the first increase in over a decade1. Possible 37 

outcomes of pulmonary Mycobacterium tuberculosis (Mtb) infection include pathogen 38 

clearance, latent tuberculosis infection (LTBI), and active tuberculosis (ATB) disease, 39 

the latter of which results in the clinical manifestations associated with TB. Both the 40 

disease outcome and the pathology of TB are driven by the type of immune response 41 

mounted by the host. Thus, it is imperative to better understand what immune 42 

responses protect against versus promote Mtb infection to inform vaccine and host-43 

directed therapy development.   44 

 45 
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Neutrophils are the most abundant and predominantly-infected cell type in the sputum2, 46 

bronchoalveolar lavage (BAL) fluid3, and caseum contents from resected lung tissue of 47 

active TB patients2. Studies of TB in mice4–17, nonhuman primates18–21, and humans9,22–48 

28 have identified a correlation between neutrophil abundance and increased disease 49 

severity. In contrast to their antibacterial role in numerous other infectious diseases29, 50 

neutrophils in TB have impaired capacity for killing phagocytosed Mtb30–32. However, 51 

there are studies supporting a protective role for neutrophils during Mtb infection, where 52 

neutrophils were required to restrict Mtb growth in human whole blood ex vivo33,34. 53 

Isolated human neutrophils have also been shown to restrict Mtb replication35, 54 

particularly in the presence of TNFα36. These data suggest that there could be a 55 

protective role for neutrophils during Mtb infection and highlight that the mechanisms 56 

underlying how neutrophils impact Mtb replication and disease progression remain open 57 

questions in the field.  58 

 59 

In response to Mtb infection, neutrophils deploy a number of defenses including the 60 

release of granules containing antimicrobial molecules and the extrusion of neutrophil 61 

extracellular traps (NETs)9,33,37–39. Markers for neutrophil NETosis are present in 62 

necrotic lesions in resected lungs and in the plasma from active TB patients9,40–42, 63 

suggesting an association between NETosis and active TB disease. NETosis is the 64 

process by which neutrophils undergo histone citrullination43,44, chromatin 65 

decondensation45, and release of web-like chromatin structures decorated with 66 

antimicrobial granule proteins with the potential to bind, trap, and kill pathogens46–48. 67 
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Mtb-induced NETs are unable to kill the bacteria38, but can be bound and phagocytosed 68 

by macrophages to impact macrophage inflammatory responses during infection39. 69 

 70 

Although very little is known about the molecular processes governing NETosis during 71 

Mtb infection, a recent study showed that antibody-mediated blocking of GM-CSF 72 

signaling in Mtb-infected mice increased neutrophil accumulation and NETosis, as 73 

indicated by staining for citrullinated histone 3 (H3Cit)9. Global deletion of type I 74 

interferon (IFN) receptor (IFNAR) decreased neutrophil accumulation and NETosis in 75 

GM-CSF signaling deficient mice. In addition, Mtb infection of C3HeB/Fej mice, which 76 

are more susceptible to infection than C57BL/6J mice and exhibit higher levels of type I 77 

IFN signaling during infection, also resulted in signs of NETosis in the lungs9. However, 78 

deletion of IFNAR specifically in neutrophils decreased neutrophil accumulation but not 79 

the levels of citrullinated histones in neutrophils, suggesting that type I IFN functions 80 

through other cell types to impact NETosis and leaving open the question of how type I 81 

IFN directly controls neutrophil responses. Thus, the cell biology and molecular 82 

regulation of NETosis within neutrophils during Mtb infection is still mostly undefined.  83 

 84 

In this study, we dissect the cellular process of NETosis in response to Mtb and its 85 

direct effect on bacterial replication and pathogenesis in vitro and in vivo. We discover 86 

that during Mtb infection, neutrophils undergo a form of NET release where 87 

decondensed chromatin is packaged in vesicles and released from the cell in a manner 88 

that can maintain host cell viability. Mtb-induced NET release specifically requires 89 

peptidyl arginine deiminase 4 (PAD4)-mediated histone citrullination. Unlike PAD4, type 90 
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I IFN signaling within neutrophils does not affect histone citrullination but instead 91 

promotes the formation of the chromatin containing vesicles that will be released as 92 

NETs. Analysis of markers for NETosis in Mtb-infected nonhuman primates (NHPs) 93 

support a model where neutrophils are recruited to necrotic regions that contain Mtb 94 

bacilli where they are exposed to type I IFN from epithelioid macrophages and undergo 95 

NETosis, contributing to necrosis and the formation of caseum. Furthermore, we 96 

demonstrate that NETs can directly promote Mtb replication and pathogenesis, thus 97 

identifying a promising pharmacological target to control both pathogen replication and 98 

the pathology associated with severe TB disease.  99 

 100 

RESULTS 101 

 102 

Mtb induces NET release by mouse neutrophils 103 

To dissect the process and impact of NETosis during Mtb infection, we infected 104 

neutrophils isolated from wild-type (WT) C57BL/6J mice with a strain of Mtb Erdman 105 

expressing GFP12,13 at a multiplicity of infection (MOI) of 20 and visualized NETosis 106 

using fluorescent confocal microscopy (Figure 1A). Neutrophils were identified by 107 

staining with an anti-Ly6G antibody and an antibody specific for citrullinated histone 3 108 

(H3Cit) was used to monitor the initial step of NETosis. On average, 5.1% of neutrophils 109 

in cultures infected with Mtb were H3Cit positive by 4 hours post infection (hpi) as 110 

compared to 0.4% in mock infected cultures (Figures 1B and 1C). By 18 hpi with Mtb, 111 

56.7% of neutrophils were H3Cit positive in contrast to 0.6% in mock infected cultures 112 

(Figures 1B and 1C). We quantified released NETs by counting extracellular H3Cit 113 
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positive web-like structures using the Ridge Detection plugin49 of Fiji50 (Figure S1). We 114 

did not detect any released H3Cit positive webs in mock-infected cells at 4 hours, but 115 

1.3 webs per 100 cells were detected at 4 hpi with Mtb. By 18 hpi with Mtb, we detected 116 

an average of 22.7 webs per 100 cells (Figure 1C). To better visualize released NET 117 

structures, we performed scanning electron microscopy (SEM) with mock or Mtb-118 

infected neutrophils. We were able to detect released NET structures at both 4 and 18 119 

hpi with Mtb, but not in mock infected cells at either time point (Figure 1D, red arrows). 120 

In addition, SEM revealed extracellular Mtb bacilli directly associated with the NETs 121 

(Figure 1D, yellow arrows). Together these data demonstrate that some murine 122 

neutrophils will release NETs in response to Mtb infection by 4 hpi, and this number of 123 

NETotic neutrophils increases in response to Mtb by 18 hpi. These results also provide 124 

the first evidence of Mtb induced NETosis by mouse bone marrow neutrophils in vitro.  125 

 126 

NETs released in response to Mtb infection differ structurally from PMA and 127 

ionomycin induced NETs 128 

To determine whether NETosis in response to Mtb infection resembled NETosis in 129 

response to other stimuli, we compared neutrophils infected with Mtb to neutrophils 130 

treated with two well-studied chemical stimuli of NETosis, phorbol myristate acetate 131 

(PMA) and ionomycin. PMA activates phosphokinase C (PKC) and ERK signaling, 132 

which induces NADPH oxidase-dependent NETosis46,51. In contrast, ionomycin 133 

increases cytosolic calcium levels, which induces NETosis independent of NADPH 134 

oxidase52,53. Compared to PMA and ionomycin, Mtb induced significantly less histone 135 

citrullination after 4 hours of incubation (Figure S2A and S2B), however, after 18 hours 136 
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of infection or treatment, all three conditions induced >50% H3Cit positivity, with Mtb 137 

infection resulting in a significantly higher percentage of H3Cit positive cells compared 138 

to PMA (Figures 2A and 2B). Despite the higher percentage of H3Cit positive cells, Mtb 139 

infection and PMA treatment resulted in a similar number of released NETs. The most 140 

striking observation was the difference in the thickness of the NETs released, where 141 

Mtb infection led to the release of significantly thinner strands of H3Cit coated DNA than 142 

PMA or ionomycin treatment (Figures 2A and 2B). SEM imaging of Mtb-infected and 143 

PMA-treated neutrophils provided a higher resolution of the NET ultrastructure and 144 

revealed that neutrophils released thin threads of DNA in response to Mtb infection 145 

whereas PMA treatment resulted in the release of larger chromatin bundles (Figure 2C). 146 

In addition, contrary to PMA treatment that induced cell flattening of neutrophils, Mtb 147 

infected neutrophils retained their round morphology during the process of NETosis 148 

(Figures 2C and S2C), suggesting different mechanisms of NETosis in responses to 149 

these two stimuli.  150 

  151 

Mtb infected neutrophils package chromatin in vesicles for release and can 152 

maintain viability during NET release  153 

NETosis has historically been defined as a suicidal cell death process47. However, the 154 

thinner NETs released from Mtb infected neutrophils and the observation that the Mtb-155 

infected NETotic neutrophils maintain their round morphology (Figures 1D and 2C) is 156 

reminiscent of the recently described process of vital NET release where the NETotic 157 

neutrophil retains its viability along with effector functions54,55. To investigate if 158 

neutrophils maintain viability during NET release in response to Mtb infection, we 159 
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included the Zombie Viability Dye (BioLegend) to stain cells with compromised plasma 160 

membrane integrity in our microscopy experiments. At 18 hpi with Mtb there was a 161 

significantly lower frequency of (21%) Zombie Dye positive cells than observed in 162 

cultures following 18 hours of PMA or ionomycin treatment (69% and 84% Zombie+, 163 

respectively), despite having similarly high levels of H3Cit positivity and released NETs 164 

(Figures 3A and 3B). When we specifically quantified the viability of H3Cit+ neutrophils, 165 

only an average 18% of H3Cit+ cells were Zombie+ at 18 hpi with Mtb, as compared to 166 

an average of over 90% H3Cit+ cells being Zombie+ after PMA or ionomycin treatment 167 

(Figure 3B). These data indicate that some neutrophils maintain viability following NET 168 

release in response to Mtb infection. 169 

 170 

Vital NET release occurs via nuclear envelope blebbing of decondensed chromatin into 171 

vesicles that are subsequently exocytosed from the cell54,56,57. To determine if Mtb-172 

induced NETosis exhibits similar subcellular morphological features to vital NET 173 

release, we performed ultrastructure analysis of neutrophils after 4 and 18 hours of 174 

infection with Mtb, mock infection, or treatment with PMA using transmission electron 175 

microscopy (TEM) (Figure 3C). Mtb infection and PMA treatment induced increased 176 

vesicle formation by 4 hours as compared to mock infected controls (Figures 3C and 177 

3D). By 4 hours we were also able to identify vesicles containing decondensed 178 

chromatin consisting of DNA strands exhibiting a “beads on a string” appearance in both 179 

Mtb-infected and PMA-treated cultures, but not in mock infected cultures (Figures 3C 180 

(blue arrows), 3E, and S3A). The number of vesicles containing decondensed 181 

chromatin per cell was similar in cultures following Mtb infection or PMA treatment at 182 
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both 4 hours and 18 hours (Figure 3E), indicating that this was not a feature unique to 183 

maintained viability during NET release. Some chromatin containing vesicles also 184 

contained Mtb (Figure 3C), suggesting that vesicles containing chromatin were fusing 185 

with Mtb-containing vesicles. During both Mtb infection and PMA treatment, release of 186 

vesicles through the plasma membrane could be observed (Figures S3B,C). The only 187 

morphological feature noted to be different during PMA treatment versus Mtb infection 188 

was that by 4 hours the PMA-treated cells contained vesicles harboring electron dense 189 

material that were not observed in Mtb infected cells at this time point (Figures 3C and 190 

3F). By 18 hpi with Mtb, some cells had formed the vesicles containing electron dense 191 

material, but still to a lesser extent than during PMA treatment at this time point (Figure 192 

3F). Therefore, the abundance of the electron dense material is correlated with 193 

increased cell death during NETosis. We were able to identify some PMA-treated cells 194 

with vesicles that contained the electron dense material uncoiling into decondensed 195 

"beads on a string" chromatin (Figure S3D), suggesting that this electron dense material 196 

could represent condensed chromatin. Together, these results support a model where 197 

during Mtb infection, neutrophils release NETs via vesicles in a manner that can 198 

preserve plasma membrane integrity.  199 

 200 

Histone citrullination during Mtb-induced NET release is PAD4-dependent 201 

Histone citrullination by PAD enzymes is critical for the initial chromatin decondensation 202 

that allows for NETosis following most stimuli58–60, including during Mtb infection where 203 

pretreatment with the pan-PAD inhibitor Cl-amidine inhibited Mtb induced NETosis by 204 

human neutrophils61. PAD4 is the primary PAD enzyme expressed in neutrophils and 205 
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has been shown to be essential for NETosis in response to a number of different stimuli 206 

including lipopolysaccharide, lipoteichoic acid, fungal zymosan, and TNFα44,52,59,60,62,63. 207 

However, NET formation in response to other stimuli, such as Klebsiella pneumoniae, 208 

Aspergillus fumigatus, rodent-specific pneumovirus, and influenza virus 209 

A/WSN/33/H1N1, occurs independent of PAD464–68. To determine if Padi4, the gene 210 

that encodes PAD4, is required for NETosis during Mtb infection, we infected WT and 211 

Padi4-/- neutrophils with Mtb for 18 hours and monitored NETosis by fluorescent 212 

microscopy. Genetic inhibition of Padi4 led to an almost complete loss of H3Cit positivity 213 

and released NETs during Mtb infection (Figures 4A and 4B). We also quantified H3Cit 214 

positivity by flow cytometry and observed a significantly lower frequency of H3Cit+ 215 

Padi4-/- neutrophils compared to WT neutrophils at 18 hpi (Figure 4C). Moreover, PAD4-216 

deficient neutrophils harbored a significantly reduced number of DNA-filled vesicles per 217 

cell upon stimulation with Mtb at 18 hpi (Figures 4D-E), demonstrating that PAD4 is 218 

required for histone citrullination and NETosis during Mtb infection. 219 

 220 

Type I IFN regulates NET release, but not histone citrullination, during Mtb 221 

infection 222 

Type I IFN signaling was shown to impact levels of NETosis in susceptible mice, but this 223 

role was proposed to not be neutrophil intrinsic based on retained H3Cit staining in mice 224 

deleted for Ifnar1 specifically in neutrophils9. Type I IFN signaling is associated with 225 

increased NETosis in multiple other contexts as well69,70, although the exact role for 226 

type I IFN signaling is still unknown in all cases. We directly investigated whether type I 227 

IFN signaling within neutrophils impacts NETosis during Mtb infection by infecting WT 228 
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and Ifnar1-/- neutrophils with Mtb for 18 hours and monitoring histone citrullination and 229 

NET release by microscopy and flow cytometry. Similar to what was observed in vivo9, 230 

loss of type I IFN signaling in neutrophils had no effect on the levels of H3Cit in 231 

neutrophils during Mtb infection (Figures 4A-C). However, we observed a significant 232 

decrease in the released NETs from Ifnar1-/- neutrophils compared to WT neutrophils 233 

during Mtb infection (Figures 4A and 4B). These data suggested that type I IFN 234 

signaling in neutrophils regulates a step of NETosis after histone citrullination. 235 

Therefore, we investigated whether loss of type I IFN signaling was affecting the 236 

formation of vesicles containing decondensed chromatin. Mtb infection of Ifnar1-/- 237 

neutrophils resulted in significantly fewer chromatin filled vesicles per cell by 4 hpi as 238 

compared to WT neutrophils (Figures 4D-F). At 18 hpi, the numbers of total vesicles 239 

and vesicles containing decondensed chromatin per cell was still lower in Ifnar1-/- 240 

neutrophils compared to WT neutrophils, indicating that the defect in vesicle number 241 

was not merely a delay in the NETosis process, but was a block prior to vesicle 242 

formation. Together these studies demonstrate that histone citrullination during Mtb 243 

infection is PAD4-dependent, whereas the release of citrullinated DNA is regulated by 244 

type I IFN signaling in neutrophils. This newly discovered neutrophil-intrinsic role for 245 

type I IFN in NET release could also explain why previous studies observed that 246 

deletion of Ifnar1 in neutrophils resulted in decreased tissue pathology without affecting 247 

H3Cit levels9.  248 

 249 

NETs directly promote replication of Mtb in vitro and in vivo 250 
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Depletion of neutrophils in some susceptible mice can reverse high bacterial 251 

burdens8,9,11,12, however, it remains unknown how mechanistically neutrophils elicit 252 

effects on Mtb replication. We examined whether NETs could directly contribute to Mtb 253 

survival and replication by infecting WT and Padi4-/- neutrophils with Mtb and monitoring 254 

bacterial burden at 48 hpi by plating for colony forming units (CFU). Mtb burdens were 255 

higher in cultures containing neutrophils than when Mtb was grown alone in the same 256 

media (Figure 5A), indicating that neutrophils can directly promote Mtb replication. In 257 

contrast, the higher bacterial burdens were completely reversed in cultures of Mtb-258 

infected Padi4-/- neutrophils, where Mtb grew to similar levels as in cultures lacking 259 

neutrophils (Figure 5A). These data indicate that NETosis is a contributor to Mtb 260 

replication in the presence of neutrophils. In addition, deletion of Ifnar1 also resulted in 261 

lower levels of Mtb replication compared to WT neutrophils (Figure 5A), supporting a 262 

role for NETosis in promoting Mtb replication.  263 

 264 

Publicly available transcriptomic data from the lungs of Mtb-infected mice71 indicates 265 

that Mtb infection does not upregulate Padi4 expression in WT C57BL/6J in vivo (Figure 266 

5B). In contrast, C3HeB/FeJ mice infected with the Lineage 2 Mtb strain HN878 267 

significantly induced Padi4 transcript production in their lungs compared to uninfected 268 

mice or infected C57BL/6J mice (Figure 5B)71. H3Cit signal has also been detected in 269 

the lungs of Mtb-infected C3HeB/FeJ mice in prior studies9. Therefore, to investigate 270 

how NETosis impacts Mtb replication in vivo, we infected C3HeB/FeJ mice with Mtb 271 

HN878 and chemically inhibited NETosis with daily intraperitoneal (IP) injections with 272 

the pan-PAD inhibitor BB-Cl-amidine (Cayman Chemical Company) (Figures S4A and 273 
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S4B) starting at 11 dpi until harvesting lungs for analysis of inflammation, histone 274 

citrullination, and bacterial burdens at 21 dpi (Figure 5C). Histological analysis of lung 275 

lesions in BB-Cl-amidine or DMSO vehicle-treated Mtb-infected mice demonstrated that 276 

neutrophils accumulated in the lungs of all infected mice, but there was significantly 277 

more H3Cit staining in the DMSO vehicle-treated Mtb-infected mice (Figures 5D and 278 

S5), indicating that BB-Cl-amidine was effective at blocking histone citrullination in 279 

neutrophils during Mtb infection of C3HeB/FeJ mice. Flow cytometry analysis of lungs at 280 

21 dpi revealed that BB-Cl-amidine-treated Mtb-infected C3HeB/FeJ mice accumulated 281 

more neutrophils and B cells in the lungs, but did not exhibit any other significant 282 

differences in cell populations as compared to DMSO vehicle-treated Mtb-infected mice 283 

(Figure S4C). Blocking NETosis in Mtb-infected C3HeB/FeJ mice with BB-Cl-amidine 284 

resulted in significantly lower bacterial burdens in the lungs and spleens at 21 dpi 285 

(Figure 5E), despite still accumulating high levels of neutrophils (Figure S4C), 286 

suggesting that NETosis directly contributes to Mtb replication in vivo and can be 287 

chemically inhibited to control Mtb pathogenesis. 288 

 289 

NETosis is associated with necrotic microenvironments in primate granulomas 290 

In addition to the effects of NETosis on Mtb replication, we were interested in how 291 

NETosis contributes to granuloma-level pathology in humans. While most mouse strains 292 

do not develop the diverse range of lesion types observed in humans, Mtb-infected 293 

cynomolgus macaques experience the full spectrum of pathology seen in human TB 294 

and develop granulomas that are equivalent to their human counterparts19,72. Macaque 295 

granulomas contain all the microenvironments that human granulomas do, including 296 
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non-diseased lung adjacent to the granuloma, the T- and B cell-rich lymphocyte cuff, the 297 

epithelioid macrophage region, and, in many granulomas, a necrotic core73. Neutrophils 298 

experience different stimuli in each region21,72 and we took advantage of this feature in 299 

granulomas from cynomolgus macaque with active TB to identify relationships between 300 

NETosis and different granuloma microenvironments.   301 

 302 

We found substantial variation in the abundance of H3Cit+ and H3Cit- neutrophils per 303 

granuloma (Figure 6A-C) in lesions from cynomolgus macaques. H3Cit+ neutrophils 304 

were abundant at the interface of epithelioid macrophages and caseum in necrotic 305 

granulomas (Figure 6B) whereas non-necrotic granulomas contained far fewer H3Cit+ 306 

cells (Figure 6C). When we quantified the number of H3Cit+ cells/granuloma, we found 307 

that non-necrotic granulomas contained significantly fewer H3Cit+ cells than necrotic 308 

granulomas (median ± SEM: non-necrotic granulomas 0.0136±0.0036 versus necrotic 309 

granulomas 0.0863±0.0160; Figure S6). Granulomas in close spatial proximity often had 310 

substantially different phenotypes regarding the abundance of NETotic neutrophils 311 

(Figure 6A) and we noted these differences could occur within the same granuloma if 312 

that granuloma contained multiple neutrophilic or necrotic foci (Figure 6D).  313 

 314 

We also noted an inverse relationship between S100A9 (our neutrophil marker) and 315 

H3Cit expression. This was seen in regions where strong S100A9 staining coincided 316 

with intact-appearing nuclei and less H3Cit staining (Figure 6D, region 1) whereas 317 

neutrophils in regions with less S100A9 staining had DNA that was more diffuse and 318 

stronger H3Cit expression (Figure 6D, region 2). This inverse relationship is also visible 319 
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when independent necrotic granulomas were compared (Figure 6A; blue arrowhead: 320 

H3CitlowS100A9high, pink arrowhead: H3CithighS100A9low). When we examined individual 321 

neutrophils undergoing NETosis in tissue adjacent to granuloma’s central regions 322 

(Figure 6D, region 3), we observed that H3Cit+ DNA appeared as if it was being 323 

discharged from these cells and this was accompanied by a flow of S100A9 protein in 324 

the same direction as the H3Cit+ DNA, suggesting that cytoplasmic contents were being 325 

released into the extracellular milieu as part of this process in vivo. Taken together, our 326 

observations demonstrate that NETosis is a terminal event for neutrophils recruited to 327 

necrotic primate granulomas but also highlight that this outcome varies by granuloma 328 

and is related to the granuloma’s morphology. Moreover, NETotic neutrophils are 329 

important contributors to the milieu of highly-degraded DNA in caseum, thus providing a 330 

link between NETosis and caseation in necrotic granulomas.   331 

 332 

NETosis occurs in proximity to caseum and IFNα2-expressing epithelioid 333 

macrophages 334 

Our in vitro data demonstrated that type I IFN induces NET release during Mtb infection. 335 

Therefore, we investigated how NETosis within granulomas relates to type 1 IFN 336 

expression by staining macaque granulomas for IFNα2, H3Cit, and CD11c, an antigen 337 

that is broadly expressed by granuloma macrophages (Figure 7). As previously noted, 338 

H3Cit+ cells were present in the space between caseum and CD11c+ epithelioid 339 

macrophages (Figure 7A, left). When we visualized the IFNα2 fluorescence, we found 340 

that many epithelioid macrophages stained positively for IFNα2 (Figure 7A, right). To 341 

confirm the likelihood that these cells were producing IFNα2, we also stained these 342 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 29, 2022. ; https://doi.org/10.1101/2022.11.29.518376doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.29.518376
http://creativecommons.org/licenses/by/4.0/


 16

lesions for phosphorylated IRF3 (pIRF3), a transcription factor that regulates IFNα2 343 

expression74. The pIRF3 staining mirrored our IFNα2 staining in epithelioid 344 

macrophages (Figure 7B, right), indicating that the epithelioid macrophages surrounding 345 

the H3Cit+ cells are expressing IFNα2. Furthermore, we confirmed that although 346 

neutrophils may be present throughout a granuloma (Figure 7B), H3Cit+ neutrophils 347 

were restricted to necrotic regions (Figure 7A) between the IFNα2+ epithelioid 348 

macrophages and caseum.  349 

To better understand how NETosis and type 1 IFN expression are linked in lesions with 350 

poor immune control, we examined samples of TB pneumonia, a severe form of disease 351 

characterized by overwhelming inflammation and multiple caseous foci. Studying this 352 

lesion type gave us the ability to investigate how NETosis varied with IFNα2 expression 353 

in highly inflamed non-necrotic and necrotic regions (Figure 7C). As with necrotic 354 

granulomas, we found that NETotic neutrophils were only present at interface of pIRF3+ 355 

epithelioid macrophages and caseum (Figure 7C, region 1). We also observed small 356 

aggregates of pIRF3+ macrophages in non-necrotic regions and these regions 357 

contained H3Cit+ neutrophils (Figure 7C, region 2). When we examined the integrity of 358 

the nuclei in the center of these regions by comparing the DAPI staining across the field 359 

of view, we noted a loss of nuclear integrity in the center of these aggregates, indicating 360 

that these foci represented sites of developing necrosis. These observations suggest 361 

that neutrophils migrate to necrotic foci, even at the earliest stages of caseation, and 362 

these cells are exposed to type 1 IFN before they undergo NETosis. This suggests that 363 

the combination of macrophage type 1 IFN expression, neutrophil recruitment, and 364 

neutrophil NETosis contribute to development of caseous necrosis in primate 365 
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granulomas. In addition, NETs can induce type I IFN expression75,76, potentially 366 

providing evidence for a positive feedback loop involving neutrophils, type I IFN 367 

expression, and granuloma macrophages. 368 

DISCUSSION 369 

There is a growing appreciation for the association of increased neutrophil abundance 370 

with active TB disease. However, it is still unknown if the presence of neutrophils in the 371 

lungs of active TB patients is consequential, or if the neutrophils are bystanders reacting 372 

to an uncontrolled infection. In particular, the details on how specific neutrophil 373 

responses and effector functions impact TB disease have remained elusive. We have 374 

used genetic and chemical approaches to show that a specific response by neutrophils, 375 

NETosis, directly contributes to Mtb replication and pathogenesis. Contrary to the 376 

antimicrobial nature associated with NETs, we find that Mtb survives exposure to NETs 377 

and can exploit NETosis to promote replication in vitro. This is particularly surprising 378 

given that neutrophil granule proteins that are released on NETs have been shown to 379 

inhibit Mtb replication when added to cultures of Mtb or Mtb-infected macrophages in 380 

vitro77–80. Therefore, the mechanisms by which Mtb defends itself against the 381 

antimicrobial effects of NETs and how NETosis promotes Mtb replication remain 382 

unknown. Many bacterial species secrete nucleases to utilize extracellular DNA as a 383 

nutrient source or to degrade NETs as a defense mechanism81,82. Mtb has been shown 384 

to secrete a nuclease, Rv0888, that can degrade DNA and RNA83, but its role in Mtb 385 

pathogenesis has yet to be elucidated. The process of NETosis could also release other 386 

nutrients from neutrophils that promote Mtb growth. In addition, NETs and the proteins 387 

that accompany neutrophil degranulation are associated with lung damage9,84–86 and in 388 
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granulomas the collateral damage these factors cause to nearby cells, including 389 

macrophages, could inhibit antimicrobial functions and facilitate release of nutrients 390 

from bystander cells. Our studies highlighted a close association between NETosis and 391 

caseum in granulomas, specifically in a region that has previously been identified as 392 

harboring many bacteria73. Therefore, the contribution of NETosis to granuloma 393 

necrosis and caseation could be another mechanism by which NETosis promotes an 394 

environment for Mtb to thrive. Moreover, by entangling but not killing the Mtb, 395 

neutrophils undergoing NETosis could promote Mtb aggregation that protects the bacilli 396 

from environmental and antibiotic stress. Indeed, extracellular Mtb aggregates have 397 

been observed within the acellular rim of necrotic lesions87–89. 398 

 399 

The process of caseation in granulomas is not well understood but our results showing 400 

that NETotic neutrophils are prominent in the smallest caseous foci we could detect 401 

suggests that neutrophilic infiltration and NETosis are consequential to the early 402 

formation of caseum. We were not able to determine if NETosis is followed by necrosis 403 

in adjacent macrophages, or if neutrophils are recruited to necrotic macrophages and 404 

then undergo NETosis, or if both scenarios occur simultaneously, but all these options 405 

may contribute to granuloma-level caseation. NETosis has been associated with 406 

macrophage death by pyroptosis in murine models of sepsis90, and further work 407 

investigating interactions between neutrophils and epithelioid macrophages in macaque 408 

granulomas may identify causal or temporal relationships between these behaviors and 409 

caseation. Considering the link between neutrophilic inflammation and TB pathology, 410 

the outcomes of neutrophil-driven caseation has implications for control of bacterial 411 
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dissemination, especially in settings where necrotic granulomas have the potential to 412 

invade airways or blood vessels. NETosis may also contribute to the progression of 413 

necrotic granulomas into cavitary lesions, a process that promotes active TB disease 414 

and bacterial transmission. Taken together, these hypotheses support a paradigm that 415 

links excessive neutrophilic inflammation and NETosis-driven caseation with reduced 416 

control of TB at the lesion and systemic levels.  417 

 418 

Our data highlights the association of NETosis with type I IFN production by epithelioid 419 

macrophages but does not rule out type I IFN from other cell types. Alveolar 420 

macrophages and plasmacytoid DCs (pDCs) also express type I IFN91,92, and 421 

neutrophils are likely to encounter these cells as they are recruited into granulomas. In 422 

addition, our in vitro studies suggest that neutrophils themselves also produce sufficient 423 

type I IFN to induce NET release. Despite the well-established connection between type 424 

I IFN and NETosis, how type I IFN signaling contributes to NETosis remained elusive. 425 

We have discovered that type I IFN signaling in neutrophils functions downstream of 426 

histone citrullination to promote the formation of chromatin containing vesicles and their 427 

release as NETs. Our findings reveal that there are multiple points that regulate 428 

NETosis during Mtb infection while highlighting that histone citrullination can occur 429 

without efficient release of NETs. The specific role for type I IFN signaling during these 430 

later steps of NETosis could also be relevant to the other contexts where type I IFN 431 

promotes NETosis and exacerbates disease, such as systemic lupus erythematosus 432 

(SLE). In addition to this newly discovered neutrophil-intrinsic role for type I IFN 433 

signaling during NETosis, type I IFN signaling in non-neutrophils promotes histone 434 
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citrullination in neutrophils in susceptible mice during Mtb infection9, highlighting another 435 

way that type I IFN can regulate NETosis. In this regard, the histone citrullination 436 

observed in neutrophils adjacent to IFNα2-expressing epithelioid macrophages likely 437 

results from IFN-regulated factors, and not necessarily type I IFN itself. In addition to a 438 

role for type I IFN signaling in promoting NETosis, NETs themselves can induce type I 439 

IFN production by pDCs and myeloid cells through toll like receptor 9 (TLR9) and 440 

STING-dependent signaling pathways93–97. Taken together, these features may 441 

contribute to a cycle of NET-driven immunopathology where NETs promote epithelioid 442 

macrophage type I IFN expression, and this activates a cascade of pathogenic 443 

neutrophil- and type I IFN-regulated responses in granulomas. A number of studies 444 

have linked increased and sustained levels of type I IFN signaling with TB pathology in 445 

mice and humans14,24,98,99. Based on our data that NETosis promotes Mtb replication 446 

and pathogenesis, NETosis could contribute to the ways that type I IFN signaling 447 

impedes control of Mtb infection. In addition to impacting type I IFN signaling, NETs can 448 

modulate other myeloid cell activities, including cytokine production and 449 

phagocytosis100,101. NETosis also promotes the formation of low density neutrophils102, 450 

which are associated with poor TB outcomes103,104. Therefore, the interactions between 451 

NETotic neutrophils and other cell types within granulomas, and how these interaction 452 

shape outcomes in TB, are complex and require further dissection.  453 

 454 

The alarming rise of drug-resistant TB cases has made it clear that we are not equipped 455 

to successfully battle the TB epidemic. There is growing interest in host-directed 456 

therapies (HDT) that would be effective against both drug-sensitive and drug-resistant 457 
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Mtb. Herein, we identify NETosis as a potential HDT target and highlight points of 458 

regulation of this process during Mtb infection. Our findings could also be applied to 459 

other diseases where excessive neutrophilic inflammation and NETosis is linked to 460 

pathology. This includes thrombosis where NETs provide the scaffold and stimulus for 461 

thrombus formation105. NETosis is also a prominent feature of lung pathology in 462 

influenza106,107, SIV infection108, and COVID-19109. Thus, better understanding of how 463 

NETosis is regulated in different contexts could have broad implications for human 464 

health.  465 

 466 
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 492 

METHODS 493 

Mtb strains and bacterial cultures 494 

Mtb Erdman expressing GFP (GFP-Mtb12,13) was used in all in vitro experiments, wild-495 

type Mtb HN878 strain (kindly provided by Dr. Selvakumar Subbian) was used for the 496 

mouse infections, and wild-type Mtb Erdman was used in the nonhuman primate 497 

studies. Mtb strains were cultured at 37°C in 7H9 (broth) or 7H11 (agar) (Difco) medium 498 

supplemented with 10% oleic acid/albumin/dextrose/catalase (OADC), 0.5% glycerol, 499 

and 0.05% Tween 80 (broth). Cultures of GFP-Mtb were grown in the presence of 500 

kanamycin (20 μg/ml) to ensure plasmid retention. 501 

 502 

Mice 503 
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Adult mice (age 7–15 weeks) of both sexes were used and mouse experiments were 504 

randomized. C57BL/6J (000664), Padi4-/- (030315), and C3HeB/FeJ (000658) mice 505 

were all purchased from Jackson Laboratory and bred in pathogen-free barrier facilities 506 

at the Washington University in Saint Louis. Ifnar1-/- mice were kindly provided by Drs. 507 

Ashley Steed, Wayne Yokoyama, and Bob Schreiber. No blinding was performed during 508 

animal experiments. All procedures involving animals were conducted following the 509 

National Institute of Health guidelines for housing and care of laboratory animals and 510 

performed in accordance with institutional regulations after protocol review and approval 511 

by the Institutional Animal Care and Use Committee of The Washington University in St. 512 

Louis School of Medicine. Washington University is registered as a research facility with 513 

the United States Department of Agriculture and is fully accredited by the American 514 

Association of Accreditation of Laboratory Animal Care. The Animal Welfare Assurance 515 

is on file with OPRR-NIH. All animals used in these experiments were subjected to no or 516 

minimal discomfort. All mice were euthanized by CO2 asphyxiation, which is approved 517 

by The Panel on Euthanasia of the American Veterinary Association.  518 

 519 

Neutrophil isolation from mice 520 

Bone marrow neutrophils were obtained using a single-step Percoll gradient110. Briefly, 521 

murine bone marrow was flushed out of the tibia and the femur in HBSS supplemented 522 

with 20 mM HEPES (Sigma) using a 23G needle (McKesson) and passed through a 70 523 

µm cell strainer (CellTreat) after hypertonic lysis with of erythrocytes using a 0.2% NaCl 524 

solution. Cells were pelleted and the entire bone marrow was resuspended in HBSS 525 

without CaCl2 and MgCl2, 20 mM HEPES (Sigma), and 0.5% HI FBS (Gibco). 526 
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Neutrophils were purified by centrifugation for 30 min at 1,300xg on a discontinuous 527 

Percoll gradient (GE Healthcare #17-0891-01) consisting of 62% (v/v) Percoll in HBSS, 528 

20 mM HEPES (Sigma), and 0.5% HI FBS (Gibco). Neutrophils were recovered from 529 

the bottom of the tube.  530 

 531 

In vitro infection of neutrophils  532 

Isolated bone marrow neutrophils were resuspended in HBSS and counted. 0.5x106 533 

cells were transferred to a 24 well plate containing glass coverslips and RPMI 1640 534 

supplemented with 10% Heat inactivated FBS and incubated for 45 minutes. 535 

Logarithmically growing GFP-Mtb was counted after washing and sonicating in PBS to 536 

separate clumps of bacteria. Mtb were opsonized for 1h with 5% normal mouse serum 537 

(NMS) in RPMI before adding to the neutrophil cultures in the 24 well plate at an MOI of 538 

20. Plates were centrifuged at 200xg for 10 minutes. For microscopy experiments, cells 539 

plus bacteria were incubated for 30 minutes at 37oC and 5% CO2 following 540 

centrifugation before removing all non-phagocytoses bacteria and replacing the media 541 

with RPMI 1640 supplemented with 10% Heat inactivated FBS, 1 mM CaCl2 and 1mM 542 

MgCl2. For infections used to monitor bacterial burden, non-phagocytosed bacteria were 543 

not removed.  544 

 545 

Fluorescent microscopy and quantification 546 

For fluorescent microscopy of neutrophils in vitro, neutrophils on coverslips were fixed 547 

with 4% paraformaldehyde (PFA) and staining was performed with antibodies specific 548 

for H3Cit (citrulline R2 + R8 + R17, Abcam Ab5103, 1:200), myeloperoxidase (MPO, 549 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 29, 2022. ; https://doi.org/10.1101/2022.11.29.518376doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.29.518376
http://creativecommons.org/licenses/by/4.0/


 25

goat polyclonal R&D Systems, 1:200) or Ly6G (Clone 1A8, 1:200). DNA was labeled 550 

with 5 μg/ml Hoechst 33342 (Molecular Probes). To detect cells with compromised 551 

plasma membrane integrity indicative of cell death, neutrophils on cover slips were 552 

treated with Zombie NIR (BioLegend, 1:1000) for 5 min before PFA fixation and staining 553 

with Hoechst and other antibodies. A Nikon A1Rsi confocal microscope coupled with 554 

NIS software was used to take Z-stack images with a 60x oil immersion objective. ND2 555 

files of Z-Stack confocal images were merged using FIJI software. Fields that were 556 

imaged and used for quantification were selected randomly based on areas containing 557 

around 100 cells to keep the cell number consistent between groups or treatments. 558 

Ridge detection analysis was performed on 8-bit images. Structures above the 559 

threshold described in supplementary figure S1 were counted and measured.  560 

 561 

Scanning electron microscopy (SEM) 562 

Cultures on glass coverslips were washed with 0.15M cacodylate buffer warmed to 563 

37oC and fixed overnight in a solution containing 2.5% glutaraldehyde and 2% PFA in 564 

0.15 M cacodylate buffer at pH 7.4 that had been warmed to 37oC. Coverslips were 565 

then rinsed in 0.15 M cacodylate buffer 3 times for 10 minutes each and subjected to a 566 

secondary fixation in 1% osmium tetroxide in cacodylate buffer for one hour. Samples 567 

were then rinsed in ultrapure water 3 times for 10 minutes each and dehydrated in a 568 

graded ethanol series (30%, 50%, 70%, 90%, 100% x3) for 10 minutes each. Once 569 

dehydrated, samples were loaded into a critical point drier (Leica EM CPD 300, Vienna, 570 

Austria) that was set to perform 12 CO2 exchanges at the slowest speed. Samples were 571 

then mounted on aluminum stubs with carbon adhesive tabs and coated with 5 nm of 572 
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carbon and 6 nm of iridium (Leica ACE 600, Vienna, Austria). SEM images were 573 

acquired on an FE-SEM (Zeiss Merlin, Oberkochen, Germany).  574 

 575 

Transmission electron microscopy (TEM) 576 

TEM of neutrophils has been described previously54. Neutrophils either mock-infected or 577 

infected with Mtb were released from the coverslips using 10mM EDTA for 5 min and 578 

collected into a tube and pelleted. For ultrastructural analysis, samples were fixed in 2% 579 

PFA/2.5% glutaraldehyde in 100 mM sodium cacodylate buffer for 2 h at room 580 

temperature and then overnight at 4°C. Samples were washed in sodium cacodylate 581 

buffer, embedded in 2.5% agarose, and postfixed in 2% osmium tetroxide (Ted Pella 582 

Inc., Redding, CA) for 1 h at room temperature. After three washes in dH2O, samples 583 

were en bloc stained in 1% aqueous uranyl acetate (Electron Microscopy Sciences, 584 

Hatfield, PA) for 1 h.  Samples were then rinsed in dH20, dehydrated in a graded series 585 

of ethanol, and embedded in Eponate 12 resin (Ted Pella Inc).  Sections of 95 nm were 586 

cut with a Leica Ultracut UCT ultramicrotome (Leica Microsystems Inc., Bannockburn, 587 

IL), stained with uranyl acetate and lead citrate, and viewed on a JEOL 1200 EX 588 

transmission electron microscope (JEOL USA Inc., Peabody, MA) equipped with an 589 

AMT 8-megapixel digital camera and AMT Image Capture Engine V602 software 590 

(Advanced Microscopy Techniques, Woburn, MA).   591 

 592 

Plating for CFU from Mtb-infected neutrophil cultures 593 

After 48 hours of incubation, neutrophils were lysed by addition of a final concentration 594 

of 0.5% Triton X-100 (Sigma) directly into the medium. Lysates were 10-fold serially 595 
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diluted in 0.05% Tween 80 in PBS and plated on Middlebrook 7H11 agar plates. After 3-596 

4 weeks at 37°C in 5% CO2, colonies were counted and total cell numbers were 597 

calculated.  598 

  599 

Mtb infection of mice 600 

Mtb infection of mice have been previously described11. Briefly, before infection, 601 

exponentially replicating Mtb HN878 strain were washed in PBS + 0.05% Tween 80 and 602 

sonicated to disperse clumps. 7- to 15-week-old female mice were exposed to 8 × 107 603 

CFU of Mtb in an Inhalation Exposure System (Glas-Col), which delivers ~100 bacteria 604 

to the lung per animal. At 24 hours post infection, the bacterial titers in the lungs of at 605 

least two mice were determined to confirm the dose of Mtb inoculation. The dose 606 

determined from these mice is assumed to represent the average dose received by all 607 

mice in the same infection. Bacterial burden was determined by plating serial dilutions 608 

of organ homogenates onto 7H11 agar plates. Plates were incubated at 37°C in 5% 609 

CO2 for 3 weeks prior to counting colonies. 610 

 611 

Histology of mouse lung tissue 612 

Lung tissue fixed in 4% PFA were dehydrated using sucrose gradient and mounted into 613 

blocks using Fisher OCT in liquid nitrogen. Frozen lung sections were cut at 5 μm. 614 

Antigen retrieval was performed for 5 min using 1% SDS. Samples were permeabilized 615 

with 0.5% Triton X-100 in PBS containing 1% BSA  for 5 min, blocked for 1 h using 5% 616 

donkey serum and then incubated with a rabbit monoclonal H3Cit antibody (citrulline R2 617 

+ R8 + R17, clone EPR20358-120; Abcam) at 1:500 dilution overnight in a humidified 618 
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chamber at 4°C. Samples were washed with PBS and incubated with a Alexa Fluor 555 619 

conjugated secondary antibody (Invitrogen, 1:200), Alexa Fluor 488 conjugated MPO 620 

(Abcam, 1:200), Alexa Fluor 647 conjugated Ly6G antibody (BioLegend, 1:200), and 621 

Hoechst (1:1000) for 1 h at room temperature. Samples were mounted after removing 622 

tissue autofluorescence using Vector® TrueVIEW® Autofluorescence Quenching Kit. Z-623 

stack images of large 8x8 area under 10x objective were taken using a Nikon A1Rsi 624 

confocal microscope coupled with NIS software, and mosaics were made with 20% 625 

overlap to cover the entire lung section. 626 

 627 

Flow Cytometry  628 

Lungs were perfused with sterile PBS and digested at 37°C for 1 h with 625 μg/mL 629 

collagenase D (Roche) and 75 U/mL DNase I (Sigma). Single cell suspensions stained 630 

in PBS + 2% FBS in the presence of Fc receptor blocking antibody (BD Pharmingen) 631 

and stained with the antibodies against the following mouse proteins: SiglecF (clone 632 

E50-2440; BD Pharmingen), Ly6G (clone 1A8; BioLegend), CD11c (clone N418; 633 

BioLegend), CD11b (clone M1/70; BioLegend), MHCII (clone M5/114.15.2; BioLegend), 634 

CD45 (clone 30-F11; BioLegend), Ly6C (clone HK1.4; BioLegend), CD4 (clone RM4-5; 635 

BioLegend), TCRβ (clone H57-567; BioLegend), CD8a (clone 53-6.7; BioLegend), 636 

CD19 (clone 6D5; BioLegend). Cells were stained for 20 minutes at 4oC and then fixed 637 

in 4% PFA (Electron Microscopy Sciences) for 20 minutes at room temperature. For 638 

intracellular H3Cit staining, PFA fixed cells were permeabilized with BD perm/wash 639 

buffer for 5 min. Cells were blocked with 2% BSA in PBS and then incubated with anti-640 

H3Cit antibody (citrulline R2 + R8 + R17, clone EPR20358-120; Abcam) overnight at 641 
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4°C. After incubation, cells were washed with PBS and incubated with Alexa Fluor 647 642 

conjugated secondary antibody (Invitrogen,1:200) and anti-Ly6G antibody (clone 1A8; 643 

BioLegend) for 1h at RT. Following incubation, cells were washed with PBS and 644 

resuspended in FACS buffer. Flow cytometry was performed on a Cytek Aurora (Cytek 645 

Biosciences). Spectral unmixing was performed using Cytek Aurora software and data 646 

was analyzed with FlowJo (Tree Star Inc.). Gating strategies in Figure S7.  647 

 648 

Immunofluorescence on nonhuman primate granulomas 649 

Immunofluorescence was performed on granulomas from Mtb-infected cynomolgus 650 

macaques (Macaca fascicularis) involved in completed studies at the University of 651 

Pittsburgh that were approved by the University of Pittsburgh’s IACUC. Animals used in 652 

this study, by animal identifier and duration of Mtb infection (days post infection; dpi), 653 

include 9409 (69 dpi), 907 (76 dpi), 18214 (84 dpi), 18314 (91 dpi), 1707 (94 dpi), 654 

18514 (118 dpi), 18414 (125 dpi), 6409 (140 dpi), 4710 (254 dpi), 12603 (277 dpi), 9905 655 

(464 dpi). All animals were infected with Erdman-strain Mtb via bronchoscopic 656 

instillation except for monkey 4710, which was infected via aerosol route, and all were 657 

monitored as previously indicated111,112 for the study’s duration. At the end of the study, 658 

the animals were all assessed to have active TB based on clinical and radiographic 659 

features. Details for each animal are indicated in Table S1. Lung granulomas were 660 

harvested from each animal at the time of necropsy and fixed in 10% neutral buffered 661 

formalin and embedded in paraffin. 5-μm thick sections were cut from these blocks and 662 

used for staining. The samples included here were selected based on the presence of 663 

granulomas and some sections contained multiple granulomas, thus bacterial burdens 664 
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per granuloma were not available for most of these lesions. Immunofluorescent staining 665 

was performed as previously indicated19,21,72 for antigens including anti- 666 

S100A9/calprotectin (clone MAC387; Thermo Fisher Scientific, Waltham, MA), anti-667 

histone H3 (citrullinated at R2+R8+R11, clone 11D3, Caymen Chemical, Ann Arbor, 668 

MI), anti-CD11c (clone 5D11; Leica Biosystems, Deer Park, IL), and anti-IFNα2 (rabbit 669 

polyclonal; Thermo Fisher Scientific). Species- and isotype-specific secondary 670 

antibodies were purchased from Jackson ImmunoResearch (West Grove, PA) or 671 

Thermo Fisher Scientific. Where anti-S100A9 and anti-H3Cit were used in the same 672 

section, H3Cit was stained with IgG1-specific secondary antibodies and S100A9 was 673 

labeled with Thermo Fisher Scientific’s Xenon labeling kit and used as a tertiary stain. A 674 

second tissue section was stained in parallel and used as an isotype control with the 675 

same secondary cocktail as a control to ensure the specificity of the staining. Coverslips 676 

were mounted on slides using ProLong Gold Mounting Media with DAPI (Thermo 677 

Fisher). 14-bit images of stained granulomas were acquired at 20x magnification on an 678 

e1000 epifluorescence microscope (Nikon, Melville, NY) using a DS-Qi2 camera (Nikon) 679 

and individual frames were stitched together at acquisition by Nikon Elements AR v4.50. 680 

Image analysis was done on the ND2 image files with segmentation performed by 681 

QuPath version 0.3.2113 and graphical representations of cell phenotypes were 682 

prepared in CytoMAP version 1.4.21114. 683 

 684 

Statistical analysis for biological experiments 685 

All data are from at least two independent experiments. Samples represent biological 686 

(not technical) replicates. No blinding was performed during animal experiments. 687 
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Statistical analyses were performed with Prism (v9.4.1; GraphPad Software) using 688 

unpaired two-tailed Student’s t tests, after the data were tested for normality, to 689 

compare between two conditions or one-way ANOVA with Tukey's correction to perform 690 

multiple comparisons. Sample sizes were sufficient to detect differences as small as 691 

10% using the statistical methods described. When used, center values and error bars 692 

represent means ± SEM. P�<�0.05 was considered significant. P�>0.05 was denoted 693 

*, ** for P�<�0.01, *** P�<�0.001, and **** P�<�0.0001. Only significant differences 694 

are noted in the figures.  695 

 696 

FIGURE LEGENDS 697 

Figure 1. Mtb induces NET formation by mouse neutrophils.  698 

(A) Schematic of experimental design for in vitro Mtb infection of murine bone marrow 699 

neutrophils. Bone marrow neutrophils from C57BL/6J mice were cocultured with normal 700 

mouse serum (NMS)-opsonized GFP-Mtb at an MOI of 20 or NMS (mock) for 4h and 701 

18h before fixing with PFA and visualizing by confocal microscopy. BioRender.com 702 

used in schematic. 703 

(B) Representative confocal images of neutrophils stained for citrullinated histone 3 704 

(H3Cit), the neutrophil marker Ly6G, and DNA (Hoechst). GFP-Mtb is also shown. 705 

Magnification 60x. 706 

(C) The percentage of Hoechst+ cells that were also H3Cit+ (top) and the number of 707 

extracellular H3Cit+ webs per 100 Hoechst+ nuclei (bottom) per field under 60x objective 708 

were quantified using ImageJ software and plotted. Each datapoint represents data 709 

from one field and a total of 12 fields containing 20-200 cells/field were quantified and 710 
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compiled from 4 independent experiments. Bar graph of data represents 711 

mean�±�SEM. ****P�<�0.0001 determined by unpaired t test, comparing only within a 712 

single timepoint. 713 

(D) Representative scanning electron microscopy showing neutrophil morphology after 714 

4 and 18 hpi with Mtb or following mock infection. Released NETs (red arrows) are 715 

observed in association with extracellular Mtb (yellow arrows). Images on the right for 716 

each time point are zoomed in from the region in the yellow box.  717 

 718 

Figure 2. NETs released in response to Mtb infection differ structurally from PMA 719 

and ionomycin induced NETs. 720 

(A) Representative confocal images showing immunofluorescence staining of PFA fixed 721 

bone marrow neutrophils from C57BL/6J mice infected with Mtb at an MOI 20 or treated 722 

with PMA (100 nM) or ionomycin (5 µM) for 18 h and stained for citrullinated histone 3 723 

(H3Cit), the neutrophil marker myeloperoxidase (MPO), and DNA (Hoechst). GFP-Mtb 724 

is also shown. Images on the right are zoomed in from the region in the white box. 725 

White arrows denote NETs formed in each condition. Magnification 60x, zoomed in 2x. 726 

(B) The percentage of Hoechst+ cells that were also H3Cit+ (left), the number of 727 

extracellular H3Cit+ webs per 100 Hoechst+ nuclei (middle), and mean width of H3cit+ 728 

webs (right) per field at 18 h of Mtb infection or treatment with PMA or ionomycin (Iono) 729 

under 60x objective were quantified using ImageJ software and plotted. Each datapoint 730 

represents data from one field and a minimum of 6 fields containing 20-200 cells/area 731 

were quantified and compiled from 2 independent experiments. Bar graph of data 732 
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represents mean�±�SEM. *P�<�0.05; ***P�<�0.001; ****P�<�0.0001 by one-way 733 

ANOVA with Tukey's correction. 734 

(C) Representative scanning electron microscopy showing neutrophil morphology after 735 

18 h of coculture with Mtb or treatment with PMA. Yellow arrows denote the flattening of 736 

neutrophils in the presence of PMA. Clustered release of chromatin was observed 737 

during PMA treatment compared to thread like NETs released during Mtb infection. 738 

Images on the right are zoomed in from the region in the yellow box. 739 

 740 

Figure 3. Mtb infected neutrophils package chromatin in vesicles for release and 741 

can maintain viability during NET release. 742 

(A) Representative confocal images showing bone marrow neutrophils from C57BL/6J 743 

mice infected with GFP-Mtb at an MOI 20 or treated with PMA (100nM) or ionomycin 744 

(Iono, 5µM) for 18h and stained for citrullinated histone 3 (H3Cit), cell death marker 745 

(Zombie dye), and DNA (Hoechst). GFP-Mtb is also shown. White arrows indicate 746 

Zombie negative neutrophils positive for H3Cit staining and associated with released 747 

NETs. Magnification 60x, zoomed in 2x. 748 

(B) Bar graphs showing quantification of immunofluorescence staining to detect H3Cit 749 

positivity and neutrophil viability. The percentage of Hoechst+ cells that were H3Cit+ 750 

(top), the percentage of Hoechst+ cells that were Zombie+ (middle), and the percentage 751 

of H3cit+ cells that were Zombie+ (bottom) per field under 60x objective were quantified 752 

using ImageJ software and plotted. Each datapoint represents data from one field and a 753 

minimum of 6 fields containing 30-200 cells/field for each condition were quantified and 754 

compiled from 2 independent experiments. Bar graph of data represents 755 
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mean�±�SEM. *P�<�0.05; ***P�<�0.001; ****P�<�0.0001 by one-way ANOVA with 756 

Tukey's correction. 757 

(C) Representative TEM images of neutrophils infected with Mtb at an MOI of 20, mock-758 

infected, or treated with PMA for 4h or 18h. Three representative cells per condition are 759 

shown. Red boxes designate the region that was zoomed into for each cell and shown 760 

in the right panels. Yellow arrows denote Mtb, blue arrows denote vesicles containing 761 

“beads on a string” DNA and histone structures (decondensed chromatin vesicles), and 762 

red arrows denote vesicles containing electron dense material. 763 

(D-F) Quantification of different types of vesicles observed in neutrophils using TEM 764 

after PMA treatment, Mtb infection, or mock infection. (D) Total vesicles per cell, (E) 765 

vesicles containing decondensed chromatin, and (F) vesicles containing electron dense 766 

material per cell at 4h and 18h following treatment or infection. Each datapoint 767 

represents a single neutrophil and 6-20 neutrophils were used for quantification per 768 

sample group from two independent experiments. Bar graph of data represents 769 

mean�±�SEM. *P�<�0.05; **P�<�0.01; ***P�<�0.001; ****P�<�0.0001 determined 770 

by one-way ANOVA with Tukey's correction, comparing only within a given timepoint. 771 

 772 

Figure 4. Molecular determinants of NETosis during Mtb infection. 773 

(A) Representative confocal images showing immunofluorescence staining of 774 

neutrophils from WT, Padi4-/-, and Ifnar1-/- mice infected with GFP-Mtb at an MOI of 20 775 

for 18h and stained for citrullinated histone 3 (H3Cit), a neutrophil marker (Ly6G), and 776 

DNA (Hoechst). GFP-Mtb is also shown. Magnification 60x. 777 
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(B) The percentage of Hoechst+ cells that were also H3Cit+ (top) and the number of 778 

extracellular H3Cit+ webs per 100 Hoechst+ nuclei (bottom) per field under 60x objective 779 

were quantified using ImageJ software and plotted. Each datapoint represents a single 780 

field and a minimum of 12 fields containing 20-200 cells/field were quantified and 781 

compiled from 2 independent experiments. Bar graph of data represents the 782 

mean�±�SEM. **P�<�0.01 and ****P�<�0.0001 by one-way ANOVA with Tukey's 783 

correction.  784 

(C) Bar graph represents the percent of Ly6G+ cells that were also H3Cit+ as 785 

determined by flow cytometry after 18 hpi with Mtb or mock infected. Neutrophils were 786 

collected from WT, Padi4-/-, and Ifnar1-/- mice where each datapoint for a given strain 787 

and condition represents a different mouse. N=4 mice for each genotype. Bar graph of 788 

data represents mean�±�SEM. *P�<�0.05 by one-way ANOVA with Tukey's 789 

correction, compared within a single condition.   790 

(D-E) Bar graphs showing quantification of different types of vesicles observed in 791 

neutrophils using TEM after Mtb infection. (D) Total vesicles per cell and (E) vesicles 792 

containing decondensed chromatin at 4h and 18h following infection. Each datapoint 793 

represents a single neutrophil, where 5-10 neutrophils were used for quantification per 794 

genotype. Bar graph of data represents mean�±�SEM. *P�<�0.05; ***P�<�0.001; 795 

****P�<�0.0001 determined by one-way ANOVA with Tukey's correction, comparing 796 

only within a given timepoint.  797 

(F) Representative TEM images of bone marrow neutrophils from WT, Padi4-/- and 798 

Ifnar1-/- mice infected with Mtb for 4h. Three representative cells per strain are shown. 799 

Red boxes designate the region that was zoomed into for each cell and shown in the 800 
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right panels. Mtb (yellow arrow) and vesicles containing decondensed chromatin (blue 801 

arrow) are labeled. 802 

 803 

Figure 5. NETs directly promote replication of Mtb in vitro and in vivo.  804 

(A) Bone marrow neutrophils from WT, Padi4-/-, and Ifnar1-/- mice were infected with 805 

GFP-Mtb at an MOI of 20 or an equivalent amount of Mtb was cultured in the same 806 

media without neutrophils for 48 hours. CFU/ml were determined by lysing the 807 

neutrophils and plating dilutions of the entire well on 7H11 plates at 48 hours. Each 808 

datapoint in the graph is the CFU/ml for each sample expressed relative to the average 809 

CFU/ml in Mtb-infected WT neutrophil cultures within the same experiment. Each 810 

datapoint is from a single well compiled from two independent experiments. Bar graph 811 

of data represents mean�±�SEM. ****P�<�0.0001 by one-way ANOVA with Tukey's 812 

correction. BioRender.com used in schematic. 813 

(B) Analysis of normalized gene expression data from lungs of C57BL/6J or C3HeB/FeJ 814 

mice uninfected or infected with low dose Lineage 4 H37Rv Mtb strain or Lineage 2 815 

HN878 Mtb strain. The expression data was obtained from 816 

https://ogarra.shinyapps.io/tbtranscriptome/. Bar graph of data represents mean, where 817 

****P�<�0.0001 by one-way ANOVA with Tukey's correction. 818 

(C) Schematic of experimental design for Mtb HN878 aerosol infection of C3HeB/FeJ 819 

mice followed by intraperitoneal injection with 10�mg/kg of BB-Cl-amidine or DMSO 820 

vehicle every other day from day 11 post-infection until lungs and spleens were 821 

harvested at 21 dpi for analysis. N=9 mice per condition compiled from 2 independent 822 

experiments. 823 
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(D) Representative images showing immunofluorescence staining of lung sections from 824 

Mtb-infected C3HeB/FeJ mice that were probed with antibodies to detect citrullinated 825 

histone H3 (H3Cit; red), myeloperoxidase (MPO, green, a marker for neutrophil 826 

granules), Ly6G (yellow, a marker for neutrophils) and DNA (Hoechst, blue). The entire 827 

lung section is shown along with a 60x zoomed in region denoted by the white box. The 828 

white arrows point to colocalization of H3Cit, DAPI, and Ly6G staining, indicating the 829 

presence of NETing neutrophils. 830 

(E) Bacterial burdens in the lungs (left) and spleen (right) at 21 dpi were determined by 831 

plating dilutions of the organ homogenate onto 7H11 agar plates to numerate CFUs. 832 

Each datapoint is the CFU/ml for a single mouse relative to the average CFU/ml in 833 

DMSO vehicle treated mice within the same experiment. Data are log10 transformed and 834 

the error bars represent the mean�±�SEM. **P�<�0.01 determined by unpaired t test. 835 

 836 

Figure 6. NETosis occurs in necrotic granulomas from Mtb-infected cynomolgus 837 

macaques.  838 

(A)  Lung tissue from a cynomolgus macaque containing two necrotic granulomas (blue 839 

and pink arrowheads) and a non-necrotic granuloma (yellow arrowhead) was stained to 840 

visualize neutrophils (S100A9; red), H3Cit (green), and nuclei (DAPI, grey). Few H3Cit+ 841 

cells and neutrophils are present in the non-necrotic granuloma, whereas the necrotic 842 

granulomas are characterized by their robust populations of H3Cit+ neutrophils. 20x 843 

magnification; scale bar represents 500 μm.  844 

(B) A necrotic granuloma (larger lesion, center) with a small necrotizing lesion (upper 845 

left) that is disseminated from the larger lesion where each granuloma contains 846 
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numerous H3Cit+ and H3Cit- neutrophils in regions adjacent to caseum. 20x 847 

magnification, scale bar represents 500 μm. 848 

(C) H3Cit+ neutrophils are largely absent from a non-necrotic granuloma. 20X 849 

magnification; scale bar represents 250 μm. 850 

(D) Adjacent foci in a neutrophilic granuloma stained for nuclei (DAPI, grey), S100A9 851 

(red), and H3Cit (green) (left panel) suggest that neutrophil recruitment and NETosis 852 

are dynamic processes. Region 1 (top panels, right) indicates a neutrophilic region with 853 

intact-appearing nuclei, strong S100A9 staining, and sparse H3Cit staining that 854 

contrasts with Region 2 (middle panels, right), a necrotic region with diffusely stained 855 

DNA suggestive of nuclear breakdown, dim S100A9 staining, and strong H3Cit 856 

expression. Scale bar represents 100 μm or 40 μm for the left and right panels, 857 

respectively. Region 3 highlights a S100A9+ neutrophil that is releasing web-like H3Cit+ 858 

DNA. Region 3 scale bar represents 10 μm. 859 

 860 

Figure 7. NETosis occurs in proximity to caseum and IFNα2-expressing 861 

epithelioid macrophages. 862 

(A,B) Cynomolgus macaque granulomas were stained for (A) IFNα2 (red), H3Cit 863 

(green), CD11c (blue, a marker for macrophages and dendritic cells), and nuclei (DAPI, 864 

gray) or (B) pIRF3 (red), S100A9 (green, neutrophil marker), CD11c (blue), and nuclei 865 

(DAPI, gray). Cells in the imaged sections (left) were segmented into subsets and 866 

plotted against the position of all the cells in the granuloma (grey) to highlight the spatial 867 

position of macrophages that may be expressing IFNα2 (red) in context with CD11c+ 868 
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macrophages, H3Cit+ cells, and neutrophils (right panels). 20x magnification; scale bars 869 

represent 100 μm. 870 

(C) H3Cit+ neutrophils (green) accumulate at the caseum-epithelioid macrophage 871 

interface in severely inflamed tissues (region 1) but are also present in small focal 872 

regions that may represent early sites of caseation (region 2). Dotted lines represent the 873 

border of regions containing cells with intact nuclei and degraded DNA that is indicative 874 

of caseation. 20x magnification; scale bar represents 500 μm in the whole tissue image 875 

(left) and 100 μm in the zoomed in regions (middle and right). 876 
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